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ABSTRACT 
Understanding the mechanisms behind crystal nucleation and growth is a 
fundamental requirement for the design and production of bespoke nanomaterials with 
controlled sizes and morphologies. Herein, we select gold (Au) nanoparticles as the 
model system for our study due to their representative applications in biology, 
electronics and optoelectronics. We investigate the radiation-induced in situ growth of 
gold (Au) particles using liquid cell transmission electron microscopy (LCTEM) and 
study the growth kinetics of non-spherical Au structures. Under controlled electron 
fluence, liquid flow rate and Au3+ ion supply, we show the favoured diffusion-limited 
growth of highly-twinned nascent Au seed particles into branched structures when 
using thin liquid cells (100 nm and 250 nm) in LCTEM, whereas faceted structures 
(e.g., spheres, rods, and prisms) formed when using a 1 µm thick liquid cell. We propose 
that the diffusion-controlled branched Au particle growth in the thin liquid cells results 
from the lower number and twinning of nascent seed particles. In addition, we observed 
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that anisotropic Au growth could be modulated by Au-binding amyloid fibrils, which 
we ascribe to their capability of regulating Au3+ ion diffusion and mass transfer in 
solution. We anticipate that this study will provide new perspectives on the shape-
controlled synthesis of anisotropic metallic nanomaterials using LCTEM.  
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Controlling the morphological features of metal nanocrystals is crucial to 
provide the flexibility required to engineer their catalytic, electronic and optical 
properties. Advancements in colloidal synthesis have led to the production of a variety 
of metal nanocrystals with different shapes and sizes (e.g. spheres, rods, cubes, plates, 
prisms and stars) as building blocks, which can be assembled into complex nanoscale 
devices and applications.1-4 Among these structures, branched particles are of great 
interest as they combine polarisation-dependent light scattering and strong dielectric 
sensitivity into a single structure.5 In addition, branched metal particles can be 
developed into nanoantennas, where plasmonic properties can be tailored by controlling 
the number and angle of the prongs, promoting the reception/transmission of light at 
the nanoscale.1, 5-7 However, controlled growth of such anisotropic crystal structures is 
typically difficult to achieve without the use of capping reagents to direct growth, due 
to the similar surface free energies of major crystal facets.2, 8-11 It is therefore crucial to 
understand the role of shape-controlling factors for branched particles and unveil the 
fundamental growth mechanisms in dynamically changing solution environments.12 
For example, microfluidic devices have been developed as new tools to synthesise 
monodispersed anisotropic nanocrystals by controlling the mixing, reaction times and 
flow rates of different reagents.13-15 A major challenge in this research field arises from 
the lack of characterisation tools for direct visualisation of the chemical and physical 
events occurring in liquid environments during crystal growth.   
The recent development of in situ liquid cell transmission electron microscopy 
(LCTEM) provides an opportunity to explore new frontiers in electrochemistry, 
catalysis, nanocrystal growth, fluid physics, radiation physics and complex soft 
materials in aqueous environments.16-23 In particular, this technique can complement 
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spectroscopy and X-ray based methods to track nanoparticle (NP) growth trajectories 
through direct visualisation of crystal formation in liquid environments, with a unique 
combination of temporal and spatial resolutions.6, 16, 18, 20, 22, 24-33 On the other hand, the 
irradiating electrons can change the solution chemistry in the submicron layer of liquid 
encapsulated between two electron transparent membranes (e.g., silicon nitride or 
graphene), by creating transient radical products, including 𝑒ℎ
− (hydrated electrons), H•, 
OH•, H2O2 and H3O
+.20, 34-36 Among these reactive species, 𝑒ℎ
− are known to reduce 
metal ions and initiate crystal growth in solution or on the silicon nitride (SixNy) 
membranes of the liquid cell.35-37  Recent studies have shown that through control of 
electron fluence and solution composition, mechanistic information on crystal growth 
can be extracted, with results that resemble those from bench-top chemical syntheses.38, 
39 For example, graphene liquid cells have been used to study platinum nanocrystal 
growth by electron beam irradiation, in which critical steps in some crystal growth 
pathways, including orientated attachment and cluster coalescence were visualised at 
the atomic scale.12, 38 In addition, results obtained from LCTEM suggest that 
nanocrystal shape evolutions and their final morphologies strongly depend on the 
nascent cluster structures, growth rate of different crystallographic facets, and mobility 
and concentrations of surface ligands.40, 41 However, NP growth in LCTEM, 
particularly in open-flow systems still requires further exploration due to the 
multivariate nature of the experiments, where factors such as electron fluence,32, 42 flow 
dynamics,43-46 solution chemistry,25, 32 liquid cell designs,47, 48 radiolysis/thermal effects 
can,20, 49, 50 to differing extents, influence imaging resolution, NP growth kinetics and 
final NP morphologies.  
Here, we present LCTEM experiments exploring the development of a range of 
Au particle morphologies formed by electron beam irradiation-induced reduction of Au 
ions (Au3+) into colloidal Au (Au0) in aqueous solution. The implementation of a 
continuous flow within an in situ liquid stage allowed us to image during stepwise 
injection of the aqueous components, and to maintain a constant external flow rate and 
supply of the gold chloride (HAuCl4) precursor solution.
51, 52 By analysing particle 
growth rates, in situ shape transformations and crystallographic structures of the 
electron beam-induced seeds and the resulting Au particles, we demonstrate that liquid 
layer thickness is an important factor linked to the resulting Au morphology. A 
hypothesis was made to illustrate the role of liquid layer thickness in affecting Au3+ 
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mass transfer/diffusion and diffusion-limited growth into branched Au structures. We 
further investigated the anisotropic Au growth by introducing Au-binding amyloid 
fibrils from islet amyloid polypeptide (IAPP), for which we proposed that the strong 
peptide-Au affinity mediates Au3+ diffusion and influences the Au growth kinetics. 
Combined with the results of our amyloid-free, controlled environment in situ LCTEM 
studies, we discuss the power of physical and chemical conditions in determining 
anisotropic metal nanocrystal growth and shape evolution, which we believe will find 
applications in the fields of biotechnology, biomineralisation and crystal growth.  
 
RESULTS AND DISCUSSION 
We performed crystal growth experiments in a single inlet and single outlet 
liquid cell stage (Hummingbird Scientific), inserted into a field-emission JEOL 2100F 
TEM and operated at an acceleration voltage of 200 keV (see Methods).53 Imaging was 
conducted in TEM mode with a 5 μm diameter beam irradiating a cylinder of liquid 
solution containing Au(III) chloride (HAuCl4), and recorded at one frame per second 
at a low magnification (5000x). Au3+ reduction by electron beam irradiation was 
performed at a dose rate of ~1.78 e-/Å2·s to control the reduction process and prevent 
bubble formation in the liquid chamber (Figure S1). This undesired phenomenon is 
known to arise from localised heating or radiolysis during the electron-liquid 
interactions.25, 50 In addition, imaging of particle growth in the liquid-filled cells was 
primarily performed at or near the edge of the SixNy windows to minimise significant 
elastic deformation at the centre of the windows, which originates from the pressure 
differences between the liquid-filled cell and the high vacuum of the microscope 
column.52, 54 
During electron beam irradiation in the LCTEM using a spacer thickness of 250 
nm, we observed immediately the formation of Au particles with diameters of 5–10 nm 
on the SixNy windows, and branched particles (0.5−1 µm) were visualised after 
irradiating for 15 sec (Figure 1a and Movie S1). The growth rate of branched Au 
particles can be evaluated by plotting the 2D-projected area of the particles as a function 
of time (Figure S2), and the particle growth curve fits well (R2 = 0.98) with an 
exponential function, suggesting fast growth kinetics (Figure 1b). According to the 
Lifshitz-Slyozov-Wagner (LSW) power model, particle growth kinetics can be 
presented as r ∝ tn (or A ∝ tβ, where β = 2n), where r is the radii, A is the 2D-projected 
area of the particles and t is the experimental time frame. In Figure S3, the growth 
 5 
 
kinetics exhibited a β = 0.634 dependence and therefore n ~ 0.32, which approximates 
to a diffusion-limited growth.55 Note that in Figure S3, the growth curve fitted well 
within the accelerated growth regime (180 sec), while deviation from the growth 
trajectory was observed afterward. We propose that this is due to the confined growth 
in the z-direction and continuous Au3+supply in the open flow system. The electron 
dose rate is an important factor that influences nanoparticle growth in liquid-cell TEM. 
According to Zhang et al.,32 a higher electron dose rate (> 0.5 e-/Å2·s) favours the 
formation of dendritic Au nanostructures via diffusion-limited growth when using 1 
mM of HAuCl4. In this work, we obtained anisotropic Au nanostructures from 
diffusion-limited growth using an electron dose rate of 1.78 e-/Å2·s and 1 mM of 
HAuCl4, which agrees with the findings reported by Zhang and colleagues.
32  
In Figure 1c, d, a branched Au particle with three facets, {200}, {11̅1}, and 
{1̅1̅1}, with a defined twin boundary at Au{111} at the tip of the branch can be 
observed. Selected area electron diffraction (SAED) confirmed the twinned structure in 
a single Au particle (Figure S4). We also observed a penta-twinned structure on a 
branched Au particle by scanning transmission electron microscopy (STEM) imaging 
(Figure 1e). Previous findings have shown that twinning causes an increased strain in 
the lattice and provides the necessary symmetry breaking, which results in subsequent 
elongation toward unstrained directions.56-59 We therefore propose that twin boundaries 
formed during particle growth at the early stage (i.e., nascent seed particles, Figure S5) 




Figure 1 (a) Snapshots of an in situ LCTEM experiment show the formation of 
branched Au particles within 600 sec in a 250 nm liquid cell (scale bars: 500 nm). (b) 
2D-projected areas of the Au particles plotted against time show the growth kinetics of 
the branched structures. The error bars represent standard deviation (n = 5). Post-
mortem (c) TEM, (d) high resolution TEM (HRTEM) and (e) STEM images of the 
branched Au particles show the multi-twinned structure and the twin boundary at 
Au{111} at the tip of the branch. Scale bars: (c) 50 nm, (d) 2 nm, (e) 100 nm. 
 
We also observed the formation of branched particles 1−2 µm away from the 
electron beam irradiation area (Figure S6). TEM images were taken at regions 
perpendicular to the beam path and along the direction of the liquid flow after 15 min 
of electron beam irradiation at the window corner. We propose that this is likely due to 
the migration of scattered electrons along the SixNy windows and in liquid, along with 
the rapid diffusion of 𝑒ℎ
−  (diffusion coefficient: ~5 x 10-5 cm2/s)60, 61 under 
thermodynamic equilibrium,50, 51, 62, 63 which triggered growth of branched Au particles 
close to the irradiated area. In addition, the liquid flow could remove 𝑒ℎ
− and radiation-
induced Au(0) outside the irradiation areas, causing the formation of Au particles.32 
Beyond 2 µm away (up to ~8 µm) from the irradiation area, Au prisms, rods, and 
spheres were formed while no branched Au particles were observed (Figure S6). We 
propose that formation of varied Au morphologies at different positions (Figure S6) 
are likely due to the variation of liquid layer thicknesses and thereby liquid flow 
patterns, which affect the Au growth kinetics.44, 45, 48 This phenomenon is similar to the 
finding in microfluidic devices, where NP synthesis can be affected by changing the 
flow parameters.13-15, 64 However, the mechanism behind it is difficult to explore under 
in-situ LCTEM. This requires further studies on the axial dispersion in a single-phase 
flow across the liquid cell and controlled NP growth under varied flow rates.  
Formation of Au prisms and rods could be found to grow from different shapes 
of the early formed seed particles in the 250 nm cell. Note that the seed particles were 
pre-formed in areas without direct electron beam irradiation and were likely to be 
radiation-induced Au(0) removed from the irradiation area by the liquid flow.32 Figure 
2 shows the morphological transitions from triangular to a truncated hexagonal shape 
and from rectangular to a rod-like Au structure in LCTEM. TEM and SAED analyses 
suggested that the non-branched Au rods grew in the <110> directions, when observed 
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from the [1 1̅2] direction (Figure 2b, c). Similarly, 2D triangular and hexagonal 
structures displayed growth in the <110> directions (Figure 2d−g), suggesting that 
hexagonal-shaped Au prisms were likely evolved from triangular or truncated 
hexagonal Au prisms. This also supports that the final Au particle morphologies are 
determined by the nascent seed particles.9 
 
Figure 2 (a) LCTEM image sequences show shape transformations from triangular into 
truncated hexagonal Au prisms and rectangular into Au rods in a 250 nm liquid cell 
(scale bars: 500 nm). (b, d, f) Post-mortem TEM analyses and (c, e, g) SAED patterns 
of Au rods (b, c) and 2D Au prisms (d-g) formed by the in situ LCTEM experiments in 
a 250 nm liquid cell. The SAED patterns show growth in the <110> directions. Scale 
bars: (b) 100 nm, (d, f) 200 nm, (c, e, g) 5 1/nm.   
 
We further found that Au growth was affected by changing the spacer 
thicknesses (100 nm, 250 nm, and 1 µm) of the liquid cells, while maintaining external 
parameters including the electron fluence, external liquid flow rate and supply of the 
HAuCl4 precursor solution. Figure 3a shows in situ growth in a 1 μm liquid cell, where 
the experimental parameters and Jc of the electron beam were kept consistent with the 
experiments presented in Figure 1 using a 250 nm liquid cell. Immediately upon 
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electron beam irradiation, we observed small Au particles (~5 nm) in solution (Figure 
3a and Movie S2). After ~120 sec, Au spheres (≤ 0.2 µm) as well as Au rods and 2D 
prisms began to form while branched Au particles were not observed. The growth 
kinetics of Au rods (Figure S7) determined by plotting 2D-projected area as a function 
of time (Figure 3b) showed the gradual growth over time.  
 
Figure 3 (a) Snapshots of in situ LCTEM experiment show the formation of spherical 
and faceted Au particles (i.e., prisms and rods) in a 1 μm liquid cell (scale bars: 500 
nm). Shape transformations of Au prisms (e.g., triangle to hexagons) and elongation of 
Au rods were observed in 600 sec. (b) 2D-projected areas of the Au rods plotted against 
time across the in situ experiment in Figure S6. The error bars represent standard 
deviation (n = 6). 
 
When using a smaller spacer (100 nm), anisotropic growth of the Au seed 
particles into branched structures was observed. These branched Au particles (>4 
particles) displayed sharper tips and larger particle sizes (0.5−2 µm) (Figure 4, S8 and 
Movie S3), compared to those seen in the 250 nm liquid cell (Figure 1). In addition, 
multiple twin boundaries, including penta-, hexa- or higher-order twinned structures 
can be seen in the electron beam-induced Au seed particles, which agrees with the 
finding that the presence of twinned facets favoured branched Au structures (Figure 
S9).58 In particular, rapid growth of the branches in the 100 nm liquid cell resulted in a 
polycrystalline structure (Figure S10) and led to tip splitting and development of new 
branches (Figure 4), which was not observed in the branched particles formed in the 
250 nm liquid cell (Figure 1). We note that electron-liquid interactions can cause 
complex fluid behaviours in the 100 nm cell and result in non-thermodynamic 
conditions and kinetic growth of the Au particles.25 The liquid flow may also assist Au 
nucleation and growth outside the irradiation area.32 For example, we observed 
occurrence of electron beam-induced ion diffusion under LCTEM, which produced Au 
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seed particles at the periphery of the electron beam irradiation area (Figure S11). This 
phenomenon has been reported to trigger nucleation and growth of lead sulphide NPs 
in a region surrounding the initial electron beam irradiation.25 
 
Figure 4 Snapshots of in situ LCTEM show the formation of branched Au particles in 
the 100 nm liquid cell, where fast growth at the Au branches was observed and followed 
by splitting of the Au branches. Note that the Au seed particle at 0 sec was pre-formed 
on the liquid cell window. The splitting of the Au branches from 120 sec was indicated 
by arrows (scale bars: 500 nm). 
 
As shown above, the striking differences in electron beam irradiation-induced 
Au growth was primarily caused by changing the thickness (100 nm, 250 nm and 1 μm) 
of liquid cells (Figure 5). All the LCTEM experiments were conducted under a constant 
flow (5 µL/min) of fresh HAuCl4 precursor solution under the same concentration. By 
foregoing the use of templating surfactant molecules, we sacrifice a degree of control 
over size and shape distribution of nanocrystals. However, with our simplified approach, 
we can propose three factors that may contribute to the formation of large branched Au 
particles in the 100 nm and 250 nm liquid cells. First, the twinning of nascent seed 
particles formed in LCTEM (Figure S4, S5 and S9) increases lattice strain and 
provides symmetry breaking to induce anisotropic growth of branched Au particles.56-
58  Second, the fast diffusion-limited growth of Au particles in thin liquid cells tends to 
induce anisotropic overgrowth, since the atomic addition is faster than diffusion along 
the low-energy facets (e.g., {111}). Oppositely, at lower growth rates, crystals may 
undergo relaxation during the growth process to minimise the total surface energy,34 
and likely form polyhedral structures with high-energy facets such as the {100} and 
{110} planes.5, 65, 66 Third, the lower number of Au seed particles in the 100 nm cell is 
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another factor leading to anisotropic Au growth and the formation of larger particles 
(Figures 1, 3 and 4). According to the literature,2, 67-69 reducing the number of seed 
particles promotes anisotropy of gold nanorods and nanostars and increases the sizes of 
the branched Au structures. It is therefore reasonable that large branched Au structures 
were the energetically favoured products from diffusion-limited growth when using 
thin liquid cells.  
In particular, under externally-controlled liquid injection, the liquid flow rate in 
a thin cell is supposed to be higher than that in a thick cell, which subsequently removed 
the radiation-induced Au(0) by the liquid flow.32 This will reduce the probability of Au 
seed formation in thin cells and thereby lower the seed numbers in solution as shown 
in Figure 1a and 3a. In addition, the internal liquid flow rates may influence the 
reaction rates between Au3+ precursor and the reducing 𝑒ℎ
−, residence time, as well as 
interactions between Au nuclei. Moreover, to reach the critical nucleus size to continue 
growth under such condition, the Au seed particles were more likely to form through a 
rapid reaction which favoured the formation of fivefold or higher-fold twinning of the 
seed particles (Figure 1e, S4, S5 and S9).70, 71 However, further studies are required to 
reveal the effect of internal and external flow rates of the open flow system toward NP 
nucleation and growth kinetics.  
One may also argue that the concentration of the main reducing species, 𝑒ℎ
− 
could vary when changing the size of the liquid cells. This possibility could be excluded 
since 𝑒ℎ
− were majorly generated at a distance of approximately 10 nm or less at the 
SixNy window/liquid interface, and therefore independent of the thicknesses of the 




Figure 5 (a) Schematic view shows the proposed relationship between liquid thickness 
and Au growth rate as well as the final particle morphology. Diffusion-limited growth 
into branched Au particles in thin liquid cells is proposed to be due to the lower number 
of Au seed particles and enhanced ion diffusion. (b−d) LCTEM images of different Au 
morphologies formed during the in situ experiment using varied thicknesses of the 
liquid cell spacers: (b) 100 nm (scale bar: 1 μm), (c) 250 nm (scale bar: 500 nm) and 
(d) 1 μm (scale bar: 500 nm). (e) Summary of the Au growth rate, morphologies and 
structures observed for different liquid thicknesses.  
  
Finally, we investigated the role of Au3+ mass transfer in the growth and 
reshaping of Au particles. This was studied by employing an Au-binding biological 
template. Previously,  nucleation and growth of calcium carbonate crystals immobilised 
in a biomimetic polystyrene sulphonate (PSS) matrix was reported to be restricted by 
the Ca2+−PSS binding.74 Here, an Au-binding islet amyloid polypeptide (IAPP), a type 
II diabetes related amyloid peptide was selected, where we have previously observed 
that the synergistic effect of electrostatic forces, multivalent Au-amine coordination, 
and Au–thiol bonding drive IAPP–Au interactions preferentially on the {111} surfaces 
and accelerates peptide self-assembly into fibrils.11  
Initially, mature IAPP fibrils capable of binding Au NPs were produced (Figure 
S12) and their adhesion to SixNy surfaces were established ex situ (Figure S13). To 
study the effect of Au-binding IAPP on the formation of branched Au structures in situ, 
we deposited IAPP fibrils on the 250 nm spacer window, assembled the cell and were 
able to confirm their adhesion by LCTEM imaging of the negatively stained fibrils 
(Figure S14a), and those stained by premixing the fibrils with 5 nm Au NPs (Figure 
S14b). Larger fibril aggregates were, however, visible in the LCTEM without staining 
even in the presence of strong electron scattering from the liquid layer and a low 
contrast of individual fibrils (Figure S14c). Immediately after electron beam irradiation, 
a large number of Au seeds were resolvable, which underwent growth into particles of 
diameters up to 0.2 μm after electron beam irradiation for 5 min (Figures 6a, 6c, S15 
and Movie S4). It is worth noting that the existence of IAPP fibrils could also be 
observed in the movement of the Au-“stained” fibrils in liquid. As expected, we 
observed aggregation of IAPP fibrils under the cumulative electron flux (Figure S15), 




Figure 6 (a, b) Schematic view of the proposed mechanism of Au growth and final 
morphology in the presence and absence of IAPP fibrils. The surface of Au-binding 
amyloid fibrils provides multiple nucleation sites which reduce the local Au3+ 
concentration and prevents the formation of branched Au particles. (c, d) Snapshots of 
the in situ LCTEM experiment (250 nm liquid cell) show the formation of (d) particles 
(≤ 0.2 μm) in the presence of IAPP fibrils and (d) branched Au particles (~2 μm) in the 
absence of fibrils. In (c), the nucleation-growth process begins immediately upon 
electron beam irradiation, whereas in (d), the first crystal was observed after a few 
seconds of irradiation and the second crystal was observed at 173 sec (arrow). Scale 
bars: 500 nm. The magnified inset image and arrow at 5 sec in (d) show coalescence of 
three Au particles that further grow into a large branched particle (scale bar: 100 nm). 
 
Interestingly, we observed growth of large branched Au particles (~2 μm) in the 
same experimental time (300 sec) rather than small aggregated particles in the region 
where IAPP fibrils were not present (Figures 6b, 6d, S16, S17 and Movie S5). As 
shown in Figure 6d, the first branched Au particle formed by coalescence of three 
individual particles within 30 sec. The dendritic morphology is likely due to the surface 
reconstruction of multiple crystal domains, followed by diffusion-limited growth. We 
visualised subsequent branched particle formation after electron beam irradiation for 
~170 sec (Figure 6d). The short delay for growth of the second particle may be due to 
rapid Au3+ localisation at the surface of the first particle. In repeat experiments and 
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imaging at different areas in a liquid cell (Figures S16 and S17), we found that small 
particles (0.02−0.2 μm) formed in the presence of IAPP fibrils, while the formation of 
branched Au particles (0.5−2 μm) occurred in the absence of fibrils. Therefore, we 
propose that the strong IAPP-Au affinity reduced local Au3+ diffusion and mass transfer 
to higher energy facets, inhibiting subsequent growth into branched Au structures. In 
addition, since the fibrils heterogeneously aggregate on the window surface, the highly 
localised concentration of peptide absorbs Au nuclei indiscriminately despite the 
preferential binding toward the Au{111}facets, preventing Au growth anisotropy. Such 
effects of peptide concentration on the size and morphologies of Au structures have 
also been reported in ex-situ Au growth by chemical reduction.76  
 
CONCLUSIONS 
In conclusion, we investigated the kinetics of electron beam-induced Au growth 
in aqueous solution using in situ LCTEM and demonstrated the important role of liquid 
cell thickness in directing the shape evolution of Au structures. Controlled growth of 
branched Au structures was achieved using a minimum liquid layer thickness of 100 
nm and 250 nm, while Au spheres, rods or prisms were formed in a minimum layer 
thickness of 1 µm. We propose that the multi-twinned structures of Au seed particles 
and the favoured diffusion-limited growth are the main factors directing growth of 
branched Au particles, and that this phenomenon may be related to varied internal flow 
rates when using different sizes of the liquid cells. Real-time shape evolutions of the 
Au prisms and rods recorded by LCTEM showed growth in the <110> directions. 
Finally, by introducing Au-binding amyloid fibrils, the anisotropic Au growth and the 
resulting morphology could be manipulated, where we propose that the multiple Au-
binding sites on the fibril surface reduce local Au3+ diffusion and growth anisotropy, 
inducing the formation of small Au particles (≤ 0.2 μm). This work reports the direct in 
situ LCTEM observation of electron beam-induced Au particle anisotropy, and the 
ability of Au-binding amyloid fibrils to restrict this anisotropic growth. Recently, 
Zhang and Erni showed that the growth mechanism and ultimate morphology of Au 
NPs could be tailored by tuning the electron dose rate, solute concentration, imaging 
mode, and liquid cell setup (static vs flow mode) using in situ LCTEM.32 We highlight 
the important role of LCTEM experimental design, and the role of a macromolecule 
template directing in situ nanomaterial nucleation/growth. We anticipate that this 
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approach will expand the applicability of LCTEM to study dynamic processes in 
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